Abstract
Introduction
There is a growing interest in developing sensitive miniaturized superconducting quantum interference devices (SQUIDs) for the investigation of small spin systems and scanning SQUID microscopy with sub-μm spatial resolution [1] [2] [3] . A main motivation is measurements on single nanomagnetic particles, and the ultimate goal is the direct detection of switching of a single electronic spin with various potential applications in spintronics, quantum computing and on biomolecules. Although sensitive spectroscopic techniques for single spin detection, such as magnetic resonance force microscopy, have been developed [4, 5] , sensors for the direct detection of the switching of magnetization of small spin systems still have to be improved significantly. Using SQUIDs for this application requires the realization of sub-μm Josephson junctions and SQUID loops, both for optimum inductive coupling to nanosized objects and for improving the SQUID sensitivity for operation at switching fields of the magnetic particles up to the Tesla range at temperatures of T ≈ 4 K and well below (see the pioneering work by Voss et al [6] and more recent work, e.g. [2, [7] [8] [9] [10] [11] [12] and references therein). Here, we note that one of the main motivations in the field of direct detection of magnetization reversal of small spin systems is the investigation of tunneling of magnetization, which however typically can be only observed at temperatures well below 4 K. This means that in this case the envisaged operation temperature for miniaturized SQUIDs is at several 100 mK or even further below [12] .
Most frequently used techniques for creating superconducting sub-μm thin film structures are based on electron beam lithography, or on focused ion beam (FIB) patterning. While patterning of sub-μm SQUID loops poses no particular problems, the properties of sub-μm Josephson junctions embedded in the SQUID loop have to be carefully optimized in order to realize low-noise SQUIDs. Here, an important figure of merit is the rms spectral density of flux noise S 1/2 , which for optimized SQUIDs based on the standard Nb/AlO x /Nb technology for μm-sized junctions is in the range of μ 0 Hz −1/2 ( 0 is the magnetic flux quantum). However, critical current densities j c > 1 kA cm −2 are hard to achieve reliably with this technology, yielding too small critical currents I c = j c A J for junction areas A J in the (100 nm) 2 range. Therefore, research focused on Nb or Al thin film constriction type junctions (with widths w 50 nm), sometimes shunted with a thin film normal metal layer (e. g. Au, or W) to ensure non-hysteretic current-voltagecharacteristics (I V Cs) [3, 6] . This approach often produced SQUIDs with S 1/2 1 m 0 Hz −1/2 , with a few exceptions like the early results by Voss et al [6] , or the recent work by Hao et al [13] who reported on highly sensitive Nb SQUIDs with S 1/2 ≈ 0.2 μ 0 Hz −1/2 . These encouraging results have been obtained with FIB patterned constriction junctions at T = 6.8 K.
For operation in high magnetic fields B a small junction size (⊥ B) is required due to the suppression of I c with increasing magnetic flux in the junction above several 0 , which demands a particularly large j c . Furthermore, the maximum field of operation is limited by the upper critical field B c2 , e.g. to 1 T for typical Nb thin film based SQUIDs. Here, high-transition-temperature (high-T c ) SQUIDs offer three advantages: (i) very high B c2 in the tens of Tesla regime or even more, (ii) high j c > 10 5 A cm −2 for grain boundary junctions (GBJs) operating at T = 4.2 K and well below and (iii) a GBJ geometry with the junction barrier perpendicular to the thin film SQUID loop; this allows the application of very large in-plane fields (for switching the magnetization of nanoparticles) which do not couple to the SQUID and which do not reduce I c . Here, the challenge is to produce sub-μm GBJs with high quality, in particular with high j c and ρ n = R n A J , where R n is the junction resistance, i.e. with high j c ρ n = I c R n .
At this point, we should mention that, in principle, also constriction type junctions based on HTS, or MgB 2 thin films may fulfill the above mentioned requirements, and in fact such junctions and SQUIDs based on them have been patterned by FIB [14] [15] [16] [17] [18] . However, these junctions typically show fluxflow type or hysteretic I V Cs at low T , such that their operation temperature is often limited to a narrow T range well above 4 K, and their performance with respect to flux noise so far has never reached the performance of high-T c low-noise GBJ SQUIDs [19] . Furthermore, we note that due to the small lower critical fields B c1 , HTS thin film SQUIDs will be in the mixed state, and strong pinning of vortices will be important, in order to keep low-frequency noise due to vortex motion as small as possible. However, the same applies to, e.g., Nb SQUIDs if they are operated above B c1 ; this issue has not been studied so far, since SQUIDs usually are operated at the magnetic field of the earth or well below.
Already in the 1990s thin film high-T c YBa 2 Cu 3 O 7 (YBCO) sub-μm GBJs and SQUIDs have been fabricated using e-beam lithography [20, 21] .
However, oxygen loss during processing, in particular for very thin films, may require post-deposition annealing to improve junction characteristics [22] . More recently, sub-μm YBCO GBJs have also been fabricated by FIB [23] , and both technologies enabled fundamental studies on transport and noise in high-T c sub-μm GBJs [22, [24] [25] [26] . Still, a significant degradation of j c for w 500 nm was found [20, 21, 23] , and the use of deep sub-μm GBJs for the realization of nanoSQUIDs has not been explored yet. The motivation for the realization of sub-μm GBJs with widths well below 500 nm is based on the following considerations: first of all, operation in high magnetic fields in the Tesla range, as mentioned above, requires very accurate alignment of the applied magnetic field in the thin film plane in order to reduce coupling of the applied out-of-field component to the GBJ. This requires as small as possible GBJ widths. Furthermore, as will be shown below, the spin sensitivity scales linearly with the rms flux noise S 1/2 of the SQUID.
Optimization of S 1/2 requires an as small as possible SQUID loop inductance L [27] , i.e. minimization of the dimensions of the SQUID loop, which for topological reasons has to be intersected by the grain boundary. Here, SQUID loop sizes of the order of 100 nm seem to be feasible, according to our experience on FIB patterning of our devices as described below. In order to ensure optimum SQUID performance, one should achieve at least a few SQUID modulations within the Fraunhofer-like I c (B) modulation of the single GBJs. This in turn requires also shrinking the GBJ widths down to the size of the SQUID loop. Hence, our goal is to demonstrate the feasibility of FIB patterning YBCO GBJs down to junction widths of the order of 100 nm. In order to accomplish this, we investigated the scaling behavior of YBCO GBJ properties with linewidths ranging over two orders of magnitude, from ∼8 μm down to 80 nm, and we investigated the electric transport and noise properties of YBCO GBJ dc SQUIDs with the smallest linewidths achieved within this study. We note that we performed so far only investigations on low-field properties of the fabricated GBJs and SQUIDs, as we are at this stage interested in clarifying the intrinsic scaling properties of our devices with GBJ width, although the ultimate goal of this work is to operate such SQUIDs in high magnetic fields in the Tesla range at T = 4.2 K and well below. The remainder of this paper is organized as follows. Section 2 very briefly addresses sample fabrication and layout, including some information on the quality of our YBCO thin films. In section 3 we first describe and discuss the results of electric transport properties of our shunted GBJs, with focus on their dependence on junction width, which was varied over two orders of magnitude (3.1). The second part 5.86 µm 2.13 µm 0.19 µm (3.2) of this section describes the results obtained for our SQUIDs, with focus on electric transport and noise properties of the SQUID with the smallest GBJ width used in this study (SQUID-2). Having characterized our SQUIDs, we discuss in section 4 the important relation between the flux noise S 1/2 of the SQUIDs and the spin sensitivity S 1/2 μ , which is the important figure of merit for detection of small spin particles. Here, we provide a solution for calculating the spin sensitivity for any arbitrary geometry of the SQUID loop as a function of position and orientation of the magnetic moment of a small particle to be detected. We then apply this solution to the particular geometry of SQUID-2 and finally discuss perspectives for further optimization of S 1/2 μ . Section 5 contains our conclusions.
Sample fabrication
We fabricated devices on SrTiO 3 (STO) symmetric [001] tilt bicrystal substrates with misorientation angle θ = 30
• (chip-1) and 24
• (chip-2). Figures 1(a) -(c) illustrate the fabrication steps. We deposited d Y = 50 nm thick c-axis oriented epitaxially grown YBCO by pulsed laser deposition (PLD), followed by in situ evaporation of Au (at room temperature) with thickness d Au = 20 nm (chip-1) and 60 nm (chip-2), serving as a resistive shunt and protection layer during FIB milling. For details on PLD growth of our YBCO films on STO substrates, and their structural and electric transport properties, see [28] . In brief, our 50 nm thick YBCO films typically yield 0.1
• full width half maximum of the rocking curve at the (005) x-ray diffraction peak, have T c = 91 K with a transition width ∼0.5 K and normal state resistivity ρ ≈ 50 μ cm at T = 100 K. On both chips, 8 μm wide bridges straddling the grain boundary were fabricated by photolithography and Ar ion milling and then patterned by FIB with Ga ions (50 pA, 30 kV) to make junctions and dc SQUIDs with junction widths 80 nm w 7.8 μm. FIB patterning was performed with a dual beam 1540 XB cross beam (Zeiss). This allowed us to apply an optimized FIB cut procedure (soft FIB procedure), with small ion current density and minimum ion exposure time of non-milled areas, i.e. only very brief snapshot imaging prior to milling. Even for imaging by the electron beam, we minimized the exposure time in order to avoid damage of our FIB cut bridges. Figures 1(d) -(f) show scanning electron microscopy (SEM) images of three GBJs fabricated on chip-1. In total, we investigated 22 single GBJs and three dc SQUIDs (on chip-2; hole size 1.0 × 1.2 μm 2 ). SEM images of the three SQUIDs are shown in figure 2.
Experiments
We characterized our devices at T = 4.2 K in a magnetically shielded environment. All results shown below have been obtained under these conditions. For measurements of I V Cs, I c (B) and V (B) we used a four-point arrangement with a room temperature voltage amplifier. For SQUID noise measurements we preamplified the output signal with a Nb dc SQUID amplifier with 0.1 nV Hz −1/2 resolution. For noise measurements, the YBCO SQUID was operated open-loop, i.e. we applied a constant bias current and constant flux bias, and we detected the voltage across the SQUID by connecting voltage leads to the input coil which was inductively coupled to a Nb dc SQUID; a 10 resistor (also at 4.2 K) was in series with the input coil. The Nb SQUID was read out in a flux-locked loop with ac flux bias at modulation frequency f mod = 256 kHz (PC-1000 Multi-Channel dc SQUID Electronics System with SQ100 SQUID-Sensor from STAR Cryoelectronics).
Transport properties versus junction width
All devices showed resistively-and-capacitively-shuntedjunction (RCSJ)-type I V Cs, which for some of the sub-μm junctions on chip-1 (thinner Au shunt) had a small hysteresis. Therefore, for chip-2, we increased d Au by a factor of three, yielding non-hysteretic I V Cs, except for the 530 nm wide junction, which has an exceptionally high j c ρ n . From the I V Cs we determined I c , and R n , and calculated j c and ρ n , using d Y = 50 nm and w as obtained from SEM images. The results of these measurements are summarized in figure 3 , plotted versus w which spans two orders of magnitude. The full symbols in figure 3 show data obtained after FIB patterning; the open symbols show data (for chip-2) from the 8 μm wide bridges prior to FIB patterning. • YBCO GBJs at 4.2 K and w 2 μm [19] ; however, such high j c values have not been previously observed for widths down to 80 nm. We do find a significant scattering of j c (w), however without a clear width dependence. The average j c for chip-2 is 1.5 times the one for chip-1, as expected from the scaling j c (θ ) of GBJs [29] . The comparison of j c of the same bridges before and after FIB patterning shows that for most devices j c even slightly increased after FIB patterning. The positions of the devices on chip-2 (along the GB of the substrate) are ordered according to their device number (1-15) (cf top axis of figure 3(a) ) from the left to the right edge of the substrate. There is a clear trend of increasing j c by about a factor of two (for the 8 μm wide bridges) along the entire substrate. The origin of this gradient in j c has not been clarified; however we can rule out a corresponding variation in the YBCO film thickness across the substrate. A possible explanation for the observed gradient in j c of the 8 μm wide GBJs along chip-2 could be a gradient in the quality of the GB in the bicrystal substrate, which in turn can cause a gradient in the barrier thickness of the GBJs along the chip. Figure 3(b) shows an approximate scaling ρ n ∝ √ w of unclear origin. We note that the lines shown in figures 3(b) and (c) are not fits to our data. These lines are just drawn to illustrate the trend of decreasing resistivity ρ n with decreasing junction width w. Before FIB patterning, the 8 μm wide GBJs on chip-2 all had ρ n ≈ 0.17 μm 2 , which falls onto the observed ρ n (w) dependence, indicating that this scaling is not specific to FIB patterned GBJs. Furthermore, ρ n ≈ 0.17 μm 2 is an order of magnitude below typical values for unshunted GBJs [29] , which we attribute to the Au shunt, and which is also consistent with the larger ρ n of GBJs on chip-1 with thinner Au. For chip-1, d Au = 20 nm is close to the 15 nm implantation depth of 30 keV Ga ions in Au [30] . Hence one might expect that FIB induces an increase in the Au resistivity via Ga implantation. This effect should be suppressed for chip-2 with three times thicker Au. In any case, it is hard to explain why Ga implantation should increase ρ n for wider junctions. Certainly, Ga implantation is not the only detrimental effect of FIB patterning. In particular, the Ga beam might destroy the crystalline order close to the patterned edges. However, our experimental observation of almost constant j c for GBJ widths down to 80 nm rules out severe edge damage effects on a length scale of several tens of nm. This observation also rules out such effects as a possible explanation for the observed scaling behavior of ρ n (w). Certainly, the optimization of the transport properties of our shunted YBCO GBJs needs further detailed analysis, such as, e.g., shown in [31] .
Figure 3(c) shows j c ρ n (w) ≈ 0.1-1 mV, i.e. at least one order of magnitude below the values for unshunted YBCO GBJs of comparable j c . This is certainly due to the suppression of j c ρ n by the Au shunt required to ensure non-hysteretic I V Cs at 4.2 K. The decrease of j c ρ n with decreasing w is due to the scaling of ρ n (w) mentioned above. Still, even for the 80 nm wide GBJs we find reasonable values of j c ρ n around 100 μV, which are certainly quite suitable for the realization of sensitive SQUIDs.
SQUID parameters, transport characteristics and noise performance
The results of transport measurements on all three SQUIDs (on chip-2) are summarized in table 1. The SQUID inductance L was calculated with the numerical simulation software 3D-MLSI [32] , which is based on a finite element method to solve the London equations for a given film thickness and London penetration depth (d Y = 50 nm and λ L = 140 nm, respectively, in our case). As d Y λ L , the kinetic inductance contributes significantly to L. For SQUID-1 and SQUID-2, the Finally, graphs (c) and (d) in figure 4 show the results of noise measurements on SQUID-2. Figure 4(c) shows the rms spectral density of flux noise S 1/2 ( f ) ∝ f −x for optimum flux bias = −0.286 0 with x ≈ 0.8 for frequencies f 100 Hz. The relatively small width (8 μm) of the structures adjacent to the SQUID (cooled and operated in magnetically shielded environment) makes it quite unlikely that Abrikosov vortices are trapped there and cause excess low-frequency noise due to vortex hopping. Instead, it is much more likely that the excess low-frequency noise is due to I c fluctuations in the GBJs [19] . For larger f we find a white flux noise level S (averaged from f = 5 to 6 kHz) and the SQUID voltage V versus applied flux . We find a rather shallow minimum in S 1/2 ( ) for an applied flux where the slope of the V ( ) curve (also shown in graph (d)) is close to its maximum. We note that the need to resistively shunt the junctions for low-T operation leads to a reduction in I c R n , which in turn reduces the transfer function V ∝ R n and also increases the flux noise S ∝ 1/R of the SQUIDs. On the other hand, operation at lower T will reduce the Nyquist noise from the shunt resistors and hence improve S [34] . Certainly, the optimization of the flux noise of the SQUIDs will require further analysis, e.g. by comparing experimental results with numerical simulations based on the RCSJ model [19, 34] .
Spin sensitivity
Coming back to the main motivation of this work, i.e. the development of nanoSQUIDs for the detection of small spin systems, we derive an expression for the spin sensitivity S 1/2 μ , which we then use to calculate S 1/2 μ for the particular geometry and flux noise of SQUID-2 as a function of the position of a magnetic particle for a given orientation of its magnetic moment. S μ is the spectral density of spin noise, which depends on the spectral density of flux noise S of the SQUID and on the coupling between a magnetic particle with magnetic moment μ = μ ·ê μ and the SQUID via the relation S μ = S /φ 2 μ . Here, φ μ (ê μ , r μ ) ≡ μ ( μ, r μ )/μ is the magnetic flux μ per magnetic moment μ coupled into the SQUID loop by the magnetic particle, which is located at the position r μ and which is oriented alongê μ . This means that, in order to determine S 1/2 μ for a given S 1/2 , one needs to calculate the coupling function φ μ (ê μ , r μ ), which will also depend on the SQUID geometry.
To determine φ μ , we assume that the magnetic moment μ is moved from a distance far away to a position r = r μ close to the SQUID loop. When the magnetic moment approaches r μ , a circulating current I μ ( μ, r μ ) is induced in the SQUID loop, which compensates the coupled flux μ , due to the diamagnetic response of the SQUID loop. The magnetic field energy stored in the loop of inductance
The work required to place the particle in the magnetic field B μ ( r ) produced by the circulating current I μ is W μ = − 1 2 μ · B μ (I μ , r μ ). We note that W μ > 0, due to the diamagnetic response of the SQUID loop. Hence, the total work required to bring the magnetic particle to the position r μ is
On the other hand, instead of the SQUID, we may consider a fixed current system producing the same field B μ (I μ , r μ ) as the SQUID, when the particle is in its final position r μ . In this case, the particle has a (positive) energy
From W 1 = W 2 we obtain I
With μ = L I μ and with B μ /I μ = B/I ≡ b one thus obtains
where I is an arbitrary current circulating in the SQUID loop, which generates the magnetic field B(I ) at the position r μ of the magnetic particle. Equation (3) reproduces the results of [8, 10, 35] , derived for a circular filamentary SQUID loop. Moreover, equation (3) provides a solution of the problem, valid for any arbitrary geometry of the superconducting loop, if one can find the normalized magnetic field distribution b( r ) outside the SQUID loop. For a given b( r ) (determined by the SQUID geometry only) and given flux noise, one can use equation (3) to easily calculate the spin sensitivity S 1/2 μ = S 1/2 /φ μ for any orientationê μ and location of the magnetic particle.
For the geometry of SQUID-2, we calculated the spatial distribution of the current density in the SQUID loop and the corresponding three-dimensional magnetic field distribution b( r ) outside the SQUID loop with 3D-MLSI [32] . Figure 5 shows the resulting spin sensitivity of SQUID-2 (with S 1/2 = 4 μ 0 Hz −1/2 ) for the detection of a magnetic particle located in the (x, z) plane (at y = 0) with its magnetic moment pointing along the x direction, i.e.ê μ =ê x . That is, the magnetic moment of the particle is aligned parallel to the thin film plane of the SQUID, and perpendicular to the current through the GBJs.
The contour plot of the spin sensitivity shows clear minima right above the superconducting bridges straddling the grain boundary. The upper graph shows a line scan S 1/2 μ (x) of the spin sensitivity at a height z = d Au + d Y /2 = 85 nm above the ring (i.e. for our SQUID the minimum vertical distance due to the Au layer on top of the YBCO film). The lowest value of the spin sensitivity along this line scan is 390 μ B Hz −1/2 , which could be further improved by reducing the thickness of the Au layer. This can be done even without affecting the GBJ properties if the Au layer is not removed right above the GBJ. Removing the gold layer (and placing the magnetic particle
μ by more than a factor of two down to 180 μ B Hz −1/2 , as can be seen in the right graph, which shows the vertical dependence S 
Conclusions
In conclusion, we have fabricated YBCO grain boundary junctions and dc SQUIDs by FIB patterning with junction widths ranging from 7.8 μm down to 80 nm. Using an Au thin film shunt on top of the junctions, we achieved non-hysteretic current-voltage-characteristics for operation of YBCO dc SQUIDs at 4.2 K and below. We demonstrated that FIB pattering enables the fabrication of deep sub-μm GBJs without degradation of critical current densities, and comparable to GBJs with widths above 1 μm. We do find a systematic dependence of the resistance times area ρ n of our GBJs, which scales approximately with the junction width w as ρ n ∝ √ w. The origin of this scaling could not be resolved and requires further studies. Still, we obtain values of I c R n for our GBJs around 100 μV for junctions on the 100 nm scale, which is promising for the fabrication of sensitive nanoSQUIDs. We demonstrated low-noise performance for such devices in the μ 0 Hz −1/2 range, which still can be improved significantly, in particular by reducing the size of the SQUID loop and hence the SQUID inductance, and which makes them promising candidates for applications in magnetic nanoparticle detection and measurements at high magnetic fields. Certainly, the next step will be to investigate the electric transport and noise properties of optimized YBCO nanoSQUIDs in strong magnetic fields, up to above 1 T. Several issues may play an important role here, like lowfrequency excess noise due to motion of Abrikosov vortices, or proper alignment of the large applied (in-plane) magnetic field, which should be perpendicular to the plane of the grain boundary in order to avoid suppression of the critical current. In the latter case, the impact of faceting of the GBJs [29] may also become important, which has to be studied in high fields. Our very preliminary studies of high-field operation of YBCO GBJ SQUIDs with 2 μm wide junctions demonstrate that such devices can operate in large in-plane fields of 1 T [36] . The presented solution for calculating the spin sensitivity for arbitrary SQUID geometries-as a function of position and orientation of the magnetization of small spin particlesprovides an important tool for the systematic optimization of the spin sensitivity using nanoSQUIDs as sensitive devices for direct detection of magnetization switching of small spin particles. If the expected spin sensitivity for optimized YBCO GBJ SQUIDs can be reached at strong magnetic fields, these sensors should be clearly superior to commonly used Hall sensors [5] .
